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Abstract Two terpene-degrading bacteria able to

transform (?/-)-geosmin have been identified.

Pseudomonas sp. SBR3-tpnb, following growth on

c-terpinene, converts (?/-)-geosmin to several prod-

ucts; the major products are ketogeosmins. Rhodo-

coccus wratislaviensis DLC-cam, isolated on

D-camphor, also converts (?/-)-geosmin to several

oxidation products, primarily ketogeosmins identical

to those produced by strain SBR3-tpnb as well as

hydroxygeosmins. This conversion appears to be

inducible by (?/-)-geosmin and not by D-camphor.
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Introduction

(-)-Geosmin (trans-1,10-dimethyl-trans-9-decalol)

is produced by various microorganisms in the

environment, including Streptomyces sp. (Gerber

1968; Gerber and Lechevalier 1965; Pollak and

Berger 1996), cyanobacteria (Medsker et al. 1968;

Safferman et al. 1967; Tabachek and Yurkowski

1976), myxobacteria (Trowitzsch et al. 1981), and

fungi (Mattheis and Roberts 1992). It is one of a few

chemicals that separately or together are responsible

for the characteristic earthy smell of soil (Gerber

1979). Although geosmin has some value in formu-

lating fragrances (Escher and Morris 1981) and as a

natural component of some foods (Maga 1987), in

many circumstances its presence is not desirable such

as when it occurs in farm-raised catfish and other

aquaculture products (Howgate 2004; Tucker 2000)

and drinking water (Jüttner and Watson 2007). While

it can sometimes be eliminated from catfish prior to

harvesting by moving the fish to clean water, this

often results in harvest delays and increased costs

with significant reductions in profits for farmers

(Engle et al. 1995). Cyanobacteria appear to be the

major producers of (-)-geosmin in catfish ponds

(Tucker 2000). Since it is not currently possible

to prevent (-)-geosmin-producing cyanobacterial

blooms from occurring in ponds and reservoirs, a

practical solution to the geosmin problem might be to

remove the chemical by treatment with geosmin-

degrading bacteria.

There have only been a few studies of the biodeg-

radation of geosmin and there is little information on

intermediates and products. Several studies have

shown geosmin removal by biofilms or filters. For
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example, granulated activated carbon biofilters fed

with biodegradable organic matter could remove up to

60% of influent geosmin (initially 100 ng l-1) (Elhadi

et al. 2006). A crushed expanded clay based biofilter

removed 90% of 20 ng influent geosmin l-1 (Persson

et al. 2007). A peat fulvic acid-grown biofilm reactor

removed 55% of 100 lg influent geosmin l-1 (Nam-

kung and Rittman 1987). Sand filters and sand filter

biofilm-containing bioreactors could degrade 200 ng

geosmin l-1 (Ho et al. 2007). From one of these

biofilm-containing sand filters, a consortium of three

bacteria identified as Sphingopyxis alaskensis,

Novosphingobium stygiae, and Pseudomonas veronii

was isolated (Hoefel et al. 2006). The three strains

were able to degrade geosmin only when all three were

present; none was able to initiate attack on geosmin

without the other two. The consortium was able to

degrade 131 ng l-1 geosmin in 20 days with a 14-fold

increase in active cell numbers. No products or

intermediates were identified in any of these studies.

An activated sludge suspension in mineral salts

medium containing ethanol and 0.1% (-)-geosmin

gave small amounts of four products (together less

than 10% of the final geosmin concentration) after a

45 day incubation (Saito et al. 1999). Two of these,

identified by comparisons of their mass spectra to

those of authentic chemicals, were formed by

dehydration: (1,10-dimethyldecal-9,1-ene = argosmin C,

Gerber 1979) and a subsequent oxidation (1,10-

dimethyldecal-8,9-en-7-one).

Despite many attempts using a variety of environ-

mental sources, it has not been possible to isolate

bacteria by enrichment culture using (?/-)-geosmin

as sole carbon and energy source (Eaton, unpublished).

As an alternative, bacteria that grow with potential

(?/-)-geosmin substrate analogs including D-cam-

phor, c-terpinene, and other terpenes were isolated by

enrichment culture. Although most of these were

unable to act on (?/-)-geosmin, a few had some

activity and two strains were able to rapidly transform

(?/-)-geosmin. These will be described here.

Materials and methods

Bacterial strains

Rhodococcus wratislaviensis DLC-cam was isolated

by enrichment culture with D-camphor as sole carbon

and energy source (Eaton and Sandusky 2009) from

water obtained from Donner Lake, CA (DLC) while

Pseudomonas sp. strain SBR3-tpnb was obtained by

enrichment culture with c-terpinene as sole carbon

and energy source from activated sewage sludge from

the South Baton Rouge, LA (SBR) sewage treatment

plant. Bacterial strains were identified by sequencing

16S ribosomal RNA genes as previously described

(Eaton and Sandusky 2009). DNA sequence searches

of the GenBank database were carried out using

BLASTN (Altschul et al. 1990). Streptomyces citreus

CBS 109.60 (NRRL ISP 5369) (Pollak and Berger

1996) was obtained from the USDA ARS Northern

Regional Research Laboratory Collection, Peoria, IL.

Chemicals and media

Neat, 95?% (?/-)-geosmin was obtained from

Dalton Pharma Services, Toronto, ON, Canada; D-

camphor ([1R]-[?]-camphor) and c-terpinene (1-

isopropyl-4-methyl-1,4-cyclohexadiene) were from

Aldrich Chemical Company, Milwaukee, WI. All

chemicals were of the highest purity available. The

minimal medium was R medium (Eaton 2001),

solidified when needed with 1.6% Noble Agar

(Difco). Cultures were usually maintained on car-

bon-free minimal medium to which a carbon source,

either D-camphor crystals or c-terpinene in a small

glass tube was added in the lid of the petri dish.

Screening for geosmin biotransformation

For the initial screening of geosmin biotransforma-

tion, bacteria were inoculated into 2 ml minimal

medium supplemented with 0.1% succinate and

0.025% yeast extract to which about 1 mg D-camphor

or 1 ll c-terpinene was added in 20 ml glass scintil-

lation vials with PTFE-lined caps. After overnight

growth, 0.5 ll (?/-)-geosmin was added to each vial

and the incubations continued for 2–3 days. The

cultures were extracted with 1 ml methylene chloride

which was dried over sodium sulfate and analyzed by

GC-MS.

Time series transformations of (?/-)-geosmin

Minimal medium (50 ml) containing 10 mM succi-

nate and 0.025% yeast extract in 2 9 250 ml bottles
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was inoculated with R. wratislaviensis DLC-cam. To

each bottle was added 50 ll ethanol containing either

37.5 mg D-camphor or no inducer and the cultures

were incubated at 30�C for 23 h with shaking. The

cultures were harvested by centrifugation at

6,000 rpm for 10 min in a Sorvall SS-34 rotor and

resuspended in a total of 25 ml of the same medium

without D-camphor. A volume of 2 ml of culture was

added to each of 12 new vials to which 2 ll (?/-)-

geosmin in ethanol (1/100, v/v) was subsequently

added (to 9.36 lg (?/-)-geosmin ml-1; 51 lM)

Vials were incubated at 30�C with shaking at

250 rpm. At intervals, individual vials were removed

and extracted with 2 ml methylene chloride which

was subsequently dried over sodium sulfate. A

volume of 1 ll was analyzed by GC-MS.

To investigate the possible requirement for

enzyme induction during the incubation of strain

DLC-cam with (?/-) geosmin, duplicate incuba-

tions were carried out in which the protein synthesis

inhibitor, chloramphenicol (100 lg ml-1), was

added to one series of vials prior to the addition

of geosmin.

To test whether the solvent for (?/-) geosmin,

ethanol, might be the inducer of (?/-)-geosmin

transforming enzymes, three parallel incubations

were carried out. Strain DLC-cam was grown as

before in 100 ml, harvested, then resuspended in

25 ml (cell density A600 = 4.7), and divided into 12

vials. Eight of the vials received 2 ll ethanol, while

four vials received 2 ll geosmin in ethanol (1/100

v/v). Vials were incubated as before. After 1 h, 2 ll

geosmin in ethanol was added to four of the ethanol

vials (2 ll ethanol was added to the geosmin vials to

keep the ethanol concentrations identical). At 2 h,

2 ll geosmin in ethanol was added to the remaining

four ethanol vials. Vials were extracted at hourly

intervals after these additions.

Transformation experiments with Pseudomonas

sp. SBR3-tpnb were identical to the time-series

biotransformation of (?/-)-geosmin by strain DLC-

cam except that a single 50 ml culture was used. To

this was added either 25 ll c-terpinene or no inducer.

Incubations were for 20 h with shaking.

Culture densities at the beginning of time series

incubations with geosmin were recorded at 600 nm in

1 cm cuvettes with a Perkin–Elmer Lambda 35

spectrophotometer.

Analysis of metabolites

GC-MS analyses were carried out using an Agilent

6890 gas chromatograph in the splitless mode with an

HP5-ms column (30 m 9 0.25 mm i.d., 0.25 lm film

thickness) coupled to an Agilent 5973 mass selective

detector. Helium (1 ml min-1) was the carrier gas, the

inlet was set at 250�C, and the oven was programmed

as follows: 50�C for 2 min then increasing 20�C per

minute to 250�C. The mass spectrometer operated in

the electron ionization mode at 70 eV and a source

temperature of 230�C. Mass spectra were acquired

over a 50–300 amu range at 2.94 scans s-1.

For preparation of metabolites for NMR spectros-

copy, multiple incubations were carried out in 50 ml

minimal medium containing a growth substrate (0.1%

succinate, 0.05% camphor or c-terpinene, and

0.025% yeast extract) in 250 ml bottles. After

1 day, 5 ll (4.68 mg) (?/-)-geosmin was added

and after a further 2–4 days incubation, cultures were

extracted with methylene chloride which was dried

over sodium sulfate. Products were purified by flash

chromatography using a Combiflash Companion

(Teledyne Isco, Lincoln, NE) with a silica gel column

and toluene:ethyl acetate 20:80 as solvent. Collected

fractions were analyzed by GC-MS; peak fractions

were pooled and the solvent evaporated.

NMR spectra of major metabolites including

1D proton, 1D carbon, multiplicity-edited HSQC

(heteronuclear single quantum correlation), HMBC

(heteronuclear multiple bond correlation), COSY

(correlation spectroscopy), and NOESY (nuclear

Overhauser effect spectroscopy) spectra were

acquired at 25�C in ‘‘vial quality’’ 99.96% D6-

dimethylsulfoxide (Cambridge Isotope Laboratories,

Andover, MA) in 3 mm tubes using 400 and

700 MHz Varian INOVA Plus instruments equipped

with 5 mm inverse probes as previously described

(Eaton and Sandusky 2009). Carbon chemical shifts

were back-calculated using advanced chemical devel-

opment (ACD) CNMR Predictor 8.08 accessed on

line via ACD I-Lab.

Results and discussion

A collection of bacteria, obtained by selective

enrichment using various terpenes as sole carbon
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and energy sources, was screened for the ability to

transform (?/-)-geosmin. Two strains were able to

completely remove (?/-)-geosmin within a day or

two. One of these, Rhodococcus wratislaviensis

DLC-cam (16S ribosomal RNA-encoding DNA

sequence in GenBank # EU043327) has been previ-

ously described for its ability to transform 2-methyl-

isoborneol (Eaton and Sandusky 2009). The second,

Pseudomonas sp. SBR3-tpnb (16S ribosomal RNA-

encoding DNA sequence in GenBank # EU043324),

was isolated using c-terpinene. Neither strain could

grow with (?/-)-geosmin a sole carbon source.

R. wratislaviensis DLC-cam, incubated with (?/-)-

geosmin, converted it into a mixture of products. The

product mixtures and the times required for their

formation were essentially identical for cells grown

in the presence or absence of D-camphor. The

transformation of (?/-)-geosmin by strain DLC-

cam grown in the absence of D-camphor is shown in

Fig. 1a. Although there is a sharp, major peak at
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Fig. 1 Incubations of terpene-degrading bacteria with (?/-)-

geosmin. The time series were carried out as described in the

‘‘Materials and Methods’’. Samples were taken at the

beginning and at intervals, extracted with methylene chloride

and analyzed by GC-MS. a R. wratislaviensis DLC-cam grown

in the absence of D-camphor. b c-Terpinene-grown Pseudo-
monas sp. SBR3-tpnb. Although the starting substrate was a

mixture of (-)-geosmin and (?)-geosmin, only the structure of

(-)-geosmin is shown
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10.14 min, mass spectra taken at early and late times

in the peak indicate that it is composed of at least two

chemicals (Fig. 2a, c). The molecular ion (196) and

mass spectra of both products suggests that they are

monoketogeosmins. The base peaks in the mass

spectra of the two metabolites differ significantly:

that of the 10.135 min slice is m/z 112 while that of

the 10.147 min slice is m/z 126. Some minor products

are also evident. These appear to include a hydroxy-

geosmin (9.85 min, mwt = 198, Fig. 2b) and a

product of the dehydration of a hydroxygeosmin

(10.17 min, mwt = 180, Fig. 2d). Although not

directly comparable, the total peak area of products

is about 69% that of starting geosmin, suggesting a

significant conversion (9.85 min peak [5%], 10.14

min [41%], and 10.17 min [23%].

When c-terpinene-grown Pseudomonas sp. SBR3-

tpnb was incubated with (?/-)-geosmin (Fig. 1b) it

converted it into a mixture of products within 10 h.

The mass spectrum of the major product eluting at

10.14 min (Fig. 2e) suggests that it is a monoketog-

eosmin (mwt = 196), while mass spectra of minor

products indicate that they are probably products

of hydroxygeosmin dehydration (mwt = 180, 10.17

min, Fig. 2f and 10.09 min, Fig. 2h). The 10.14 min

peak is not completely homogeneous and there is

evidence of a less abundant metabolite with an

increase in the m/z = 126 ion at 10.153 min (mass

spectrum not shown). The total peak areas of

products are about 53% that of starting geosmin,

suggesting a significant conversion (10.14 min peak

[42%] and 10.17 min [11%]).

In the geosmin mass spectrum (Fig. 2g), the

C7H12O? fragment that includes the right ring of

(-)-geosmin (or left ring of (?)-geosmin, as shown

in Fig. 3) is probably a major contributor to the m/z

112 ion that is the base peak. The C8H14O? fragment

that includes the left ring of (-) geosmin (or right

ring of (?)-geosmin) is probably a major contributor

to the m/z 126 ion. A reduction in the relative

proportion of one of these ions should indicate a

substitution into the corresponding ring. Thus, in the

ketogeosmin mass spectrum in Fig. 2a, the increase

in m/z 126 suggests that the keto substitution is in the

right ring as in 7-ketogeosmin, while in the ketog-

eosmin mass spectrum in Fig. 2c, the m/z 112 base

peak suggests that the keto group is in the left ring as

in 2-ketogeosmin.

Regulation of geosmin biotransformation

in R. wratislaviensis DLC-cam

In the time series incubations with strain DLC-cam

(Fig. 1a), the concentration of (?/-)-geosmin

remained the same for 1 h, decreased slightly by 2 h

and then rapidly fell. This suggested that the enzymes

acting on (?/-)-geosmin might be induced during the

incubation. This was confirmed by an experiment in

which two series of incubations were carried out, one

including the protein synthesis inhibitor chloramphen-

icol, one without. While the untreated vials gave

typical geosmin transformation results as in Fig. 1a,

(?/-)-geosmin in the chloramphenicol-treated vials

remained unchanged (data not shown). This confirmed

that (?/-)-geosmin-transforming enzymes were

induced during the incubation and suggested three

possible inducers: the solvent, ethanol, (?)-geosmin,

or (-)-geosmin. An experiment in which cells were

preincubated with ethanol prior to addition of (?/-)-

geosmin demonstrated that ethanol has no effect on

induction of (?/-)-geosmin-transforming enzymes. If

ethanol were the inducer of the geosmin-transforming

activity, bacteria in vials preincubated with ethanol

should have transformed geosmin more quickly after

geosmin addition than the control. This did not occur.

All incubations resembled the standard incubation in

Fig. 1a (data not shown). It appears, therefore, that one

or both enantiomers of (?/-)-geosmin induce their

own transformation in R. wratislaviensis DLC-cam.

NMR spectroscopy

The major peak eluting at about 10.14 min was

purified from each strain (about 5 mg) away from

other metabolite peaks by flash chromatography and

analyzed by NMR spectroscopy. A sample of (?/-)-

geosmin was also analyzed as a reference. Although

the products purified from both strains gave a single

10.14 min peak with minor impurities when analyzed

by GC-MS, both contained several components,

primarily two ketogeosmins, the products A(?/-)

and B(?/-) (Fig. 3). Application of 2D NMR

spectroscopy, particularly multiplicity-edited HSQC,

HMBC, and COSY, produced resolution of cross-

peaks for all the positions of the carbonyl-containing

rings in the product A and B ketogeosmins from both

strains and confirmed the molecular structures.
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Carbon and proton assignments are given in Table 1.

Note that products A(-) and A(?), as a mirror-image

pair, are indistinguishable in standard NMR spec-

troscopy, as are products B(-) and B(?).

The carbonyl region of the 1D carbon NMR

spectra of products from both strains has two peaks at

210.9 and 211.5 ppm. For product A, HMBC showed

the 210.9 ppm carbonyl to be coupled to an isolated

methylene peak (d 13C = 47.6 ppm and d 1H = 2.33,

2.22 ppm) as well as a coupled CH2–CH2 unit (d
13C = 37.6 and 35.1 ppm and d 1H = 2.48, 2.08 and

1.93, 1.23 ppm). The location of the isolated
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Fig. 2 Mass spectra of products of (?/-)-geosmin (g)

transformation by R. wratislaviensis DLC-cam (a, b, c, d),

and Pseudomonas sp. SBR3-tpnb (e, f, g) analyzed by GC-MS

(Fig. 1). Although the starting substrate was a mixture of (-)-

geosmin and (?)-geosmin, only the structures of (-)-geosmin

and products derived from it are shown
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methylene at C-8 and not C-5 was determined from

the NOESY spectra (not shown) which indicate short

through-space distances between protons. Specifi-

cally, the NOESY spectra show that the proton of the

isolated methylene that is down in product A(?/-) is

close in space to the methyl group attached to C-10

and the proton of the isolated methylene group that is

up in product A(?/-) is close in space to the methyl

group attached to C-1. Since protons attached to the

methylene at C-5 are too distant from protons of the

C-1-attached methyl group to produce NOESY cross

peaks with them, the isolated methylene group could

only be at position 8 and not at position 5, which

places the carbonyl at ring position 7.

For product B, examination of the HSQC, HMBC,

and COSY spectra showed the 211.5 ppm carbonyl to

be coupled to an isolated methyl-coupled methine

peak (d 13C = 49.3 ppm and d 1H = 2.52 ppm)

which was assigned position 1 in product B(?/-),

and to a coupled CH2–CH2 unit (d 13C = 37.6 and

35.1 ppm and d 1H = 2.48, 2.08 and 1.93, 1.23 ppm)

assigned to product B(?/-) positions 3 and 4. The

coupling of the carbonyl to the sole methine in the

molecule clearly places the carbonyl at position 2.

Quaternary carbons at positions 9 and 10 were

assigned from HMBC spectra. The position 1 and 10

methyls were assigned from HMBC and NOESY

spectra. There is a high level of agreement between

observed and back-calculated chemical shifts for

the ketogeosmin metabolite carbon assignments

(Table 1).

The substrate for these incubations was a racemic

commercial mixture of the enantiomers (-)-geosmin

and (?)-geosmin (Fig. 3, top). The starting mixture

disappeared (Fig. 1) with the formation of products

that were primarily the 7-ketogeosmins A? and/or

A- and the 2-ketogeosmins B? and/or B-. It is not

possible to tell these apart by normal GC-MS or

NMR spectroscopy.

It seemed possible that one metabolite, A? or A-,

might be produced from one enantiomer while the

other product, B? or B-, was produced from the

other enantiomer. To test this, a source of a single

enantiomer, natural, (-)-geosmin, was needed. That

source was Streptomyces citreus CBS 109.60 (NRRL

ISP 5369) which produces a small amount of (-)-

geosmin as one of 56 volatile compounds when

grown in V1 medium (Pollak and Berger 1996). A

2 day old 100 ml culture of strain CBS-109.60 was

extracted with methylene chloride which was dried

and then evaporated in scintillation vials. Four 2 ml

cultures of each of strains SBR3-tpnb and DLC-cam

were grown overnight, pooled, and resuspended in

2 ml of media which was added to a (-)-geosmin-

containing vial. After overnight incubation, cultures

were extracted with methylene chloride and analyzed

by GC-MS as usual. In both cases, the (-)-geosmin

was completely removed, with the appearance of a

peak composed of chemicals having mass spectra

consistent with both compound A(-) and compound

B(-) (data not shown). These data suggest that the

enzymes acting on geosmin enantiomers are not very
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Fig. 3 Biotransformation of (?/-)-geosmin by strains DLC-

cam and SBR3-tpnb. (?/-)-Geosmin is converted to ketog-

eosmins (mwt = 196) having mass spectra with base ions of

m/z 112 or m/z 126. These are consistent with the structures

A(?), A(-), B(?), and B(-) which are indicated by NMR

spectroscopy data
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site-specific and that all four compounds (Fig. 3) are

likely to be produced from (?/-)-geosmin.

Two terpene-degrading bacteria, one Gram posi-

tive, the other Gram negative have been shown here to

remove (?/-)-geosmin yielding primarily 2-ketog-

eosmin and 7-ketogeosmin as well as several minor

products. The normal functions of the enzymes

involved have not been determined. Pseudomonas sp.

SBR3-tpnb employs enzymes inducible by c-terpinene

and which are likely to be involved in c-terpinene

metabolism for which a pathway has not yet been

established. R. wratislaviensis DLC-cam uses enzymes

that appear to be inducible by (?/-)-geosmin and

which are not the D-camphor pathway enzymes that it

uses to transform 2-methylisoborneol (Eaton and

Sandusky 2009). Whether these bacteria are useful

for eliminating geosmin in actual aquaculture or

drinking water situations remains to be determined.
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